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For the Argentine ant Linepithema humile, bioclimatic models often predict narrower optimal
temperature ranges than those suggested by behavioural and physiological studies. Although water
balance characteristics of workers of this species have been thoroughly studied, gaps exist in current
understanding of its thermal limits. We investigated critical thermal minima and maxima and upper
and lower lethal limits following acclimation to four temperatures (15, 20, 25, 30 1C; 12L:12D
photoperiod) in adult workers of the Argentine ant, L. humile, collected from Stellenbosch, South Africa.
At an ecologically relevant rate of temperature change of 0.05 1C min1, CTMax varied between 38 and
40 1C, and CTMin varied between 0 and 0.8 1C. In both cases the response to acclimation was weak.
A significant time by exposure temperature interaction was found for upper and lower lethal limits,
with a more pronounced effect of acclimation at longer exposure durations. Upper lethal limits varied
between 37 and 44 1C, whilst lower lethal limits varied between 4 and 10.5 1C, with an acclimation
effect more pronounced for upper than lower lethal limits. A thermal envelope for workers of the
Argentine ant is provided, demonstrating that upper thermal limits do likely contribute to distributional
limits, but that lower lethal limits and limits to activity likely do not, or at least for workers who are not
exposed simultaneously to the demands of load carriage and successful foraging behaviour.
& 2008 Elsevier Ltd. All rights reserved.1. Introduction
The Argentine ant Linepithema humile (Mayr) is one of the most
significant invasive insect species (Holway et al., 2002a). Indeed, it
is listed among the top 100 invasive species globally. Originating
in south-central South America, the species has been introduced
to and subsequently established populations in many areas
globally (Suarez et al., 2001; Wild, 2004). It is especially
successful in Mediterranean-type climates and in some subtropi-
cal areas, but appears less able to establish and spread in tropical
and cold-temperate habitats (Suarez et al., 2001). Where the
species has invaded, its effects are substantial. It displaces
indigenous ants (Holway, 1998a; Holway and Suarez, 2006;
Walters, 2006), leading to local community disassembly (Sanders
et al., 2003), changes the trophic role of ants in local systems
(Blancafort and Gómez, 2005; Tillberg et al., 2007), and significantly
alters ecosystem functioning, especially where myrmechocory isll rights reserved.
+27 21808 2995.
n Ecology and Entomology,
02, South Africa.important, such as in the fynbos of South Africa (Bond and Slingsby,
1984; Christian, 2001).
Given these significant impacts, understanding the factors that
limit the abundance and distribution of this species at local to
global scales is important. Local scale mensural (Holway, 1998b;
Krushelnycky et al., 2005) and experimental (Shapley, 1924; Holway
et al., 2002b; Heller and Gordon, 2006; Menke and Holway, 2006;
Abril et al., 2008) work has clearly established the importance of
temperature and water availability as factors limiting the distribu-
tion and abundance of the Argentine ant. The availability of water is
an especially significant determinant of abundance and distribution
of the species in Mediterranean-type systems (Human et al., 1998;
Suarez et al., 2001; Holway et al., 2002b). At global scales, recent
work has also highlighted the importance of temperature and water
availability as limiting factors: L. humile seems most likely to occur
where rainfall lies between 500 and 1500 mm per year, daily
maximum temperature in the hottest month averages 19–30 1C, and
where mean daily temperature during mid-winter is 7–14 1C
(Hartley et al., 2006). Nonetheless, various additional factors (e.g.
vegetation, topography) also successfully predict the occurrence of
the species (Roura-Pascual et al., 2004, 2006).
Experimental and observational ecology showing that the
species is sensitive to dry conditions has been borne out by recent
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species have demonstrated that L. humile is relatively sensitive to
desiccation, even after taking body size effects into account
(Schilman et al., 2005, 2007). Together with its tendency to
construct nests close to the soil surface, such desiccation
sensitivity helps explain both the location of nests close to water,
and patterns in the species’ distribution and abundance (see also
Heller and Gordon, 2006). Although temperature was identified as
an important determinant of Argentine ant running speed more
than 80 years ago (Shapley, 1924), and has since been shown to
affect the species’ abundance, activity and distribution, little
attention has been given to absolute thermal tolerances, inherent
thermal limits to activity, and performance at different tempera-
tures in the Argentine ant.
Foraging in the field occurs between 5 and 40 1C (measured as
soil surface or subsurface temperature) (Witt and Giliomee, 1999;
Krushelnycky et al., 2005), and perhaps even at temperatures as
high as 70 1C (Human et al. 1998), acknowledging that other
factors, such as extent of cloudiness and the direction of
temperature change, also play a role in shaping foraging activity.
The optimum temperature for activity, measured as maximum
running speed in the laboratory (Shapley, 1924) and as maximum
worker density on baits in the field (Holway et al., 2002b), is
between 33 and 34 1C. Two published studies of upper lethal
limits closely converge on 45 1C: Holway et al. (2002b) report
100% mortality of field-collected workers exposed to more than
46 1C for an hour, and worker ants in Adelaide, Australia, succumb
quickly following exposure to temperatures above 45 1C for longer
than an hour (Walters and Mackay, 2004). Human et al. (1998)
report an unpublished thesis by Tremper (1976) recording upper
lethal limits of 46 1C. Lower critical thermal and lower lethal limits
(see Chown and Nicolson, 2004 for discussion) have not been
investigated, but temperature effects on development rate suggest
that the low temperature limits to the species’ distribution are set
by a developmental threshold of 15.9 1C and the species’ degree-
day requirements above this threshold (Hartley and Lester, 2003).
Moreover, it appears that although oviposition rate is also limited
by temperature of c. 16 1C, this is dependent on the degree of
polygyny (Abril et al., 2008). In the laboratory, artificially created
monogynous colonies followed this trend, whilst highly poly-
gynous (eight queens) colonies did not. In contrast with these
experimental and behavioural observations, bioclimatic modelling
approaches suggest a lower optimal temperature range of
between 7 and 30 1C (Hartley et al., 2006).
Argentine ant’s thermal ranges predicted by bioclimatic
models differ from those suggested by ecological and physiologi-
cal thermal limit studies, probably partly because of differences in
the scales of environmental temperature measurements in these
two types of study. Bioclimatic models typically use macroclimate
variables (see Roura-Pascual et al., 2004; Hartley et al., 2006 for
this species, and Pearson and Dawson, 2003; Austin, 2007 for a
more general discussion), whereas eco-physiological studies
measure microclimate (e.g. Witt and Giliomee, 1999; Holway
et al., 2002a; Krushelnycky et al., 2005). Although microclimates
are related to the macroclimate of a region, substantial differences
exist between them for a variety of biophysical reasons (Willmer,
1982; Porter et al., 2002; Bonan, 2002). However, additional
explanations for this discrepancy may also have to do with the
extent to which different populations have adapted to local
environments, or the extent to which they have altered their
tolerances via phenotypic plasticity (see Chown and Terblanche,
2007 for recent review). Resolving these questions is of particular
significance especially if better models for predicting the spread of
the species under future and current climates are to be developed
(see also Abril et al., 2008). Approaches that use both bioclimatic
and niche modelling (see Kearney and Porter, 2004; Kearney,2006; Hijmans and Graham, 2006) seem especially suited to this
task, particularly because they also enable the confounding effects
of species interactions to be taken into account by assessing
differences in the predictions of the niche and the bioclimatic
models. However, to implement such approaches, detailed
information is required on aspects of the thermal biology of the
species such as critical thermal limits to activity, upper and lower
thermal tolerances, and the responses of these traits to acclima-
tion. Here we make a start at providing this information for
L. humile by examining upper and lower thermal limits, their
responses to acclimation, and exposure time acclimation inter-
actions in the workers of a population from South Africa.2. Materials and methods
2.1. Collection and acclimation
L. humile colonies were sub-sampled near Stellenbosch
(331550S 181510E). Each group thus obtained comprised between
two and seven queens, at least 500 workers, and brood. Groups
were kept separate throughout, returned to the laboratory within
1–2 h, and randomly assigned to one of four acclimation
temperatures (15, 20, 25, 30 1C; 12L:12D photoperiod) for 7 days.
Previous investigations of other insect species have shown that
this acclimation period is sufficient for the development of a full
response to the altered conditions (Hoffmann and Watson, 1993;
Terblanche et al., 2006). Groups were housed in plastic containers
(20118 cm3) lined with fluon (Northern Products, Woonsock-
et, Rhode Island, USA) to prevent ants from escaping. Because the
species is sensitive to desiccation (Schilman et al., 2007), distilled
water was made freely available in the containers in the form of
moistened cotton wool. Each plastic container was housed within
a larger one (252514.5 cm3) lined with a sheet of moistened
cotton wool. Ants were fed pin-head crickets once every second
day, and a 16.7% (w:v) sucrose solution ad libitum. During
acclimation, containers were rotated daily among shelves within
an incubator to avoid shelf effects. Because all workers are
females, only females were assessed during the trials.2.2. Critical thermal limits
An insulated, double-jacketed system which consisted of 11
isolation chambers for individual ants was connected to a
programmable water bath (LTC 12, Grant Instruments Ltd.,
Cambridge, UK), which regulated water temperature around the
chambers (see Klok and Chown, 2003). Ten ants were placed
singly into the chambers and a 40-gauge copper-constantan
(Type T) thermocouple connected to an electronic thermometer
(CHY 507 Thermometer, Taiwan) was inserted into a control
chamber to monitor chamber temperatures. Based on their small
body mass (mean7S.D.; 0.570.1 mg, n ¼ 20), the body tempera-
tures of the ants were considered equivalent to those of the
chamber, with very little equilibration time required (see
Stevenson, 1985; Terblanche et al., 2007). The start temperature
for all critical thermal limit experiments was 25 1C, which was
maintained for 6 min, thereby eliminating any possible influence
of variation in start temperature on the experimental outcome
(see Terblanche et al., 2007). Thereafter, the temperature of the
water bath was either raised (CTMax) or lowered (CTMin) at a
constant rate of 0.05 1C min1 until the endpoint was observed,
defined as the onset of muscle spasms in the case of CTMax
(Lutterschmidt and Hutchison, 1997), or loss of coordinated
muscle function in the case of CTMin (Klok and Chown, 2003;
Chown and Terblanche, 2007). The slow rate of temperature
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Fig. 1. Acclimation effects on (a) critical thermal maximum (generalized linear
model w2 ¼ 37.19, po0.0001) and (b) critical thermal minimum (generalized linear
model w2 ¼ 9.99, po0.019) of L. humile workers. In each case means7S.E. are
shown and n50 for each acclimation temperature for each trait.
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ing that rates of cooling and warming in the field just below the
soil surface rarely exceed these values (data not shown), and
findings elsewhere that slow rates of temperature change most
reliably provide an indication of field critical limits (Terblanche
et al., 2007). For each trait and for each acclimation temperature
the trials were repeated until n50 for each acclimation temp-
erature and trait.
2.3. Thermal tolerance limits
Lethal limits represent a very different resistance trait to
critical thermal limits or knockdown temperatures and may well
be under different genetic controls (Hoffmann et al., 2003; Rako
et al., 2007). In consequence, we also examined the response of
upper and lower lethal limits to acclimation. Moreover, lethal
limits are not independent of time, but are rather determined by a
time-by-temperature interaction (Cossins and Bowler, 1987;
Sømme, 1996, 1999). In consequence, the experiments were
conducted for four different, fixed exposure durations (30 min, 1,
2 and 4 h).
For both lower and upper lethal temperature assessments (LLT
and ULT, respectively), a static method was employed (Luttersch-
midt and Hutchison, 1997; Klok and Chown, 1997). A soft
paintbrush was used to collect live ants which were sorted into
batches of ten individuals per exposure duration per acclimation
temperature. Preliminary trials using CO2 anaesthesia to facilitate
handling of the ants resulted in high mortality and impaired
locomotion, even at a mild test temperature of 25 1C and after only
30 min exposure durations (personal observations, see also Nilson
et al., 2006; Milton and Partridge, 2008). Therefore, such
anaesthesia was not used. Each batch of ten ants was placed into
a cylindrical plastic vial (91.5 cm2), which included moist,
mesh-covered cotton wool in its screw top to eliminate desicca-
tion stress. The vials were then plunged into a programmable
water bath (Grant LTC12) at a set temperature, for a fixed period.
After exposure to a set test temperature, each batch of individuals
was transferred individually to a 60 ml polypropylene recovery
vial at the original acclimation temperature. Recovery vials also
contained moistened, mesh-covered cotton wool to prevent
desiccation. The recovery vials were in turn placed into plastic
containers (252514.5 cm3) lined with a sheet of moist cotton
wool, thus maintaining relative humidity close to 100%. Animals
were scored for survival after 24 h and coordinated movement
was considered survival. No movement and uncoordinated move-
ments were scored as mortality. The temperature of the water
bath was either elevated (ULT) or lowered (LLT) in increments of
1 1C, and the assessment repeated with a fresh batch of 10
individuals until a series of test temperatures was obtained with
percentage survival values ranging from 100 to 0% for all four
exposure times and acclimation temperatures. For each exposure
duration and acclimation temperature the trial was run five times,
yielding five LT50 values for each exposure duration and acclima-
tion treatment for each trait (see below).
2.4. Statistical analysis
For each species, the effects of acclimation temperature on
critical thermal maximum (CTMax) and critical thermal minimum
(CTMin) were assessed using a generalized linear model assuming
a normal distribution of errors and using an identity link function.
Initial investigations of normality using Shapiro–Wilks tests
indicated some deviations from normality. Hence, neither a
general linear model nor an ordered factor, orthogonal polynomial
contrast ANOVA was used. The latter analysis is especiallysensitive to departures from normality, whilst the others are less
so (Huey et al., 1999; Quinn and Keough, 2002). Analyses were
implemented using Statistica v. 7 (Statsoft, Tulsa, Oklahoma, USA).
For both ULT and LLT, logistic regression was used to calculate
LT50 values (the temperature where 50% of the sampled survived).
In all cases the logistic regression provided a significant fit to the
data based on Wald statistics (Quinn and Keough, 2002).
Mean7S.E. LT50 was then calculated across the five repeats for
each time period and each acclimation temperature and a
generalized linear model (as above) used to investigate the effects
of time and acclimation temperature on LT50. In addition, to
visualize better the thermal limits of the ants, contour plots of
percentage survival at each time by test temperature for all
acclimation temperatures were plotted onto a single surface using
a distance-weighted, least-squares interpolation in Statistica v. 7.3. Results
Both CTMax and CTMin responded significantly to acclimation,
although the response was typically weak (Fig. 1). In the case of
CTMax, the optimum acclimation temperature appeared to be
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Table 1
Outcome of generalized linear models exploring the effects of exposure duration
and acclimation temperature on the (a) upper lethal temperature at which 50%
mortality was found (ULT50) and (b) lower lethal temperature at which 50%
mortality was found (LLT50), of workers of the Argentine ant, L. humile
Trait df w2 p
ULT50
Exposure duration 3 244.03 0.0001
Acclimation temperature 3 92.10 0.0001
DurationAcclimation 9 110.83 0.0001
Deviance/df 11.4/64 ¼ 0.178
LLT50
Exposure duration 3 240.08 0.0001
Acclimation temperature 3 124.90 0.0001
DurationAcclimation 9 53.68 0.0001
Deviance/df 12.72/64 ¼ 0.199
The analyses were based on data derived from logistic regressions of survival over
the full temperature range in each case, which were repeated five times for each
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acclimation temperatures, among which variation was less than
1 1C. Among all four acclimation temperatures less than 1.5 1C
variation in CTMin was found. Overall, workers were capable of
activity between c. 0 and 40 1C.
Acclimation temperature, duration of exposure and the
acclimation temperatureduration interaction all had significant
effects on the upper and lower LT50’s (Table 1). Typically, longer
exposure durations resulted in mortality at less-extreme tem-
peratures (Fig. 2). By contrast, the effects of acclimation were
more complex and showed a significant interaction with exposure
duration. Following short exposures, ULT50 varied little with
acclimation temperature, but as exposure duration increased the
higher acclimation temperatures resulted in lower ULT50s
(Fig. 2a). The 1 and 2 h exposure durations revealed something
of a sensitivity of workers acclimated to 25 1C, in contrast with the
findings for CTMax. In the case of LLT50, intermediate acclimation
temperatures generally resulted in the lowest LLT50’s, with less
variation in this response among acclimation temperatures than
was the case for ULT50, although the interaction term in the model
remained significant (Table 1). Typically, workers were able to
tolerate temperatures between 5 to 10 1C and 40–45 1C (Fig. 3).Fig. 2. Effects of exposure duration (h) and acclimation temperature on (a) upper
lethal temperature (ULT50) and (b) lower lethal temperature (LLT50) of L. humile
workers. In each case the means7S.E. are shown of the LT50s for each variable
calculated by logistic regression for each of five replicates of survival across the full
temperature range. See text for details and Table 1 for statistics.4. Discussion
The critical thermal limits found here for L. humile workers are
typical of summer-acclimated, temperate insect species (e.g. Klok
and Chown, 2003; Terblanche et al., 2005). However, the CTMax
was much lower than values recorded for a variety of ant species
(e.g. Kay and Whitford, 1978), including highly thermophilic ants
(Christian and Morton, 1992; Wehner et al., 1992), and the CTMin
was lower than has been found for some tropical insects
(Terblanche et al., 2006), but not unusual for more temperate
species (Addo-Bediako et al., 2000). Upper thermal tolerance
limits (ULT50) tended to be closer to those found for many ant
species (e.g. Francke et al., 1985; Heatwole and Harrington, 1989),
slightly lower than that recorded for L. humile workers collected in
Adelaide, Australia (Walters and Mackay, 2004), and again
considerably lower than highly thermophilic species (e.g. Chris-
tian and Morton, 1992). Lower thermal tolerance limits were
within the range found for summer-acclimated ants (e.g. Francke
et al., 1986). The narrower range of activity limits compared with
thermal tolerances is typical of insects generally (Vannier, 1994),
as is the tendency for CTMax to be closer to the ULT50 than CTMin isto LLT50. Optimum performance is often close to the thermal
maximum, resulting in an asymmetric performance curve (see
Huey and Kingsolver, 1993; Angilletta et al., 2002; and Abril et al.,
2008 for oviposition rate performance curves in this species).
A critical thermal maximum of c. 38–40 1C and an upper
thermal tolerance of 40–44 1C correspond well with limits to
activity found in the field. Witt and Giliomee (1999) noted
complete cessation of worker activity at soil temperatures above
40–44 1C for the same South African population investigated here,
whilst in California and Hawaii workers showed a decline in
activity above 40 1C (Holway et al., 2002b; Krushelnycky et al.,
2005). The exception to this broad agreement between tolerances
and activity is the report by Human et al. (1998) that workers are
active at soil surface temperatures of up to 70 1C, and that they
may be using some form of behavioural regulation to do so. This
temperature exceeds the highest recorded activity temperature


























Fig. 3. Contour plot showing percentage survival of L. humile workers (in coloured band increments of 20%) for each of the test temperatures at each duration of exposure
across the full set of acclimation treatments. The value 100 indicates complete mortality, whilst 0 indicates complete survival of a sample of workers.
K.R. Jumbam et al. / Journal of Insect Physiology 54 (2008) 1008–10141012the small size of L. humile would mean rapid equilibration with
environmental temperatures and little scope for evaporative
cooling (Stevenson, 1985; Chown and Nicolson, 2004). In
consequence, the claim deserves further close scrutiny, especially
since critical thermal limits for activity recorded here do not
exceed 40 1C, and no investigation of upper thermal tolerances has
recorded survival beyond approximately 46 1C. It may be possible
that ants could quickly cross a patch of hot soil when transiting
between two areas that have substantially lower temperatures,
but no information on the time spent at 70 1C was provided by
Human et al. (1998).
If it is accepted that upper critical thermal and lethal limits are
in the vicinity of 40–46 1C, it appears that, in the absence of water
stress, temperature effects on the ability of workers to remain
active are likely to be significant in determining the high-
temperature limits to abundance and distribution. As central
place foragers, activity to obtain food is likely to have a significant
influence on fitness (Holway and Case, 2000). Therefore, if
temperature limits the ability of individuals to forage this likely
has a knock on effect on colony growth and hence abundance and
distribution. The high-temperature limits are also likely to
influence interactions with other ant species. The importance of
high temperatures in structuring ant assemblages is well known
(Cerdá et al., 1998a, b; Parr et al., 2005), and it is clear that more
thermophilic ants are likely to be capable of coexisting spatially
with L. humile through temporal niche partitioning, whilst this
option is unlikely to be available for ants with tolerances similar
to those of Argentine ant workers (Sanders et al., 2001; Thomas
and Holway, 2005; Holway and Suarez, 2006). Of course, if
conditions are too dry, workers might not forage at all given their
desiccation intolerance (Heller and Gordon, 2006; Menke and
Holway, 2006; Schilman et al., 2007), but the interactive effects of
temperature and relative humidity on survival and on individual
foraging performance have yet to be explored.
By contrast with the reasonable similarity of field-recorded
thermal limits to activity and the experimentally determined
upper critical and thermal limits, the workers investigated here
seemed to be capable of activity to a much lower temperature
than what is routinely recorded in the field. CTMin experimentssuggested that workers are capable of activity down to 0 1C,
whereas activity is typically below 10% of maximum when soil
temperatures decline below 9–11 1C (Witt and Giliomee, 1999;
Krushelnycky et al., 2005). However, simply because ants
can maintain coordinated activity below c. 10 1C, does not
necessarily mean that foraging efficiency will be sufficient
to allow load carriage, especially because costs of transport tend
to increase with declining speed (Lighton et al., 1993; Fewell
et al., 1996), which is, in turn, a function of temperature. Likewise,
low movement speed at low temperatures might make
workers more susceptible to negative interactions with other
species. In consequence, activity at temperatures below 10 1C
might simply not be anywhere near optimal. Unfortunately, to
date, interactions between temperature, load carriage, foraging
speed, risk and efficiency have not been thoroughly investigated
in L. humile (but see Shapley, 1924 for tantalising suggestions
that motivation during load carriage may extend thermal
tolerances), and indeed are rare for most ant species (see Lighton
and Duncan, 2002; Chown and Nicolson, 2004). Nonetheless, the
difference between lower critical and lethal thermal limits and
activity limits suggest that absolute low temperature tolerances
do not limit the distribution and abundance of L. humile. Rather,
the thermal constraints to oviposition rate and development are
likely more significant (see Hartley and Lester, 2003; Abril et al.,
2008).
Short-term acclimation effects on lower lethal limits were
within the range found for many insect species (e.g. Klok and
Chown, 2003) and the somewhat smaller effect of acclimation on
ULT50 than on LLT50 at the shortest exposure duration is also
common for insects (Chown, 2001, but see also Hoffmann et al.,
2003). By contrast, the smaller response to acclimation for CTMin
than for CTMax is unusual. In insects usually either the converse is
true (Chown, 2001) or limits typically show similar responses
(Hoffmann et al., 2002). However, a response of the kind found
here has been recorded previously in caterpillars of a herbivorous
moth (Klok and Chown, 1998). Moreover, had the critical thermal
limit experiments been undertaken at a faster rate of temperature
change, a different result may have been found. This interaction
between rate of temperature change and critical thermal limits is
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Lee, 1999; Overgaard et al., 2006; Powell and Bale, 2006;
Terblanche et al., 2007), but its effects on responses to acclimation
have not been widely investigated (though see Rako and
Hoffmann, 2006 for a similar approach). Clearly, it is important
to do so, especially given that actual rates of temperature change
may vary considerably among microhabitats (e.g. Sinclair, 2001).
Nonetheless, it is significant that here, in the case of thermal
tolerance limits (especially during prolonged exposure) and CTMin,
long-term acclimation to 30 1C substantially reduced the ability of
workers to tolerate extreme temperatures. However, the reduction
in tolerance is insufficient to account for the discrepancy found
between tolerances recorded here and the soil temperature limits
to activity (Witt and Giliomee, 1999; Krushelnycky et al., 2005),
and the thermal range for optimal conditions identified by
bioclimatic modelling (Hartley et al., 2006). It also seems unlikely,
given relatively low genetic variation in the invasive range
(Tsutsui et al., 2000), that local adaptation can explain these
differences. Rather, the discrepancy seems more likely the
consequence of differences between macro- and microclimates,
making clear the value of a biophysical approach to complement
current bioclimatic modelling (see also Helmuth et al., 2005;
Hijmans and Graham, 2006; Kearney, 2006).
In conclusion, this comprehensive investigation of critical and
lethal thermal limits of workers of the Argentine ant bears out
previous findings, at least for upper thermal tolerances, that these
tolerances probably limit abundance and distribution of the
species directly. However, lower thermal limits to distribution
are more likely set by the temperature requirements of develop-
ment, although the discrepancy between CTMin and the low
temperature threshold to activity requires explanation. Clearly,
understanding what lies at the heart of the difference in thermal
limits suggested by field and laboratory studies and by bioclimatic
modelling has yet to be fully resolved, as are the interactive effects
of water availability, humidity and temperature on foraging
efficiency and risk. Nonetheless, it seems likely that bioclimatic
models will predict a distribution of this species very different
from the one that will eventually be realized given the substantial
differences between the outcomes of physiological studies and
these models. What would seem most appropriate now is more
careful consideration of the data used in bioclimatic models, to
differentiate clearly populations ‘subsidized’ by water in urban,
agricultural and marginally modified (e.g. by roads and human
dwellings) conservation areas from those in more natural settings,
the adoption of a clear theoretical framework for determining the
limits to the geographic distribution of the species, such as the
one proposed by Soberón (2007), and an integration of bioclimatic
and biophysical approaches.Acknowledgements
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